Single phase heat transfer analysis of water and R134a refrigerant (liquid phase) has been carried out using CFD (Computational fluid dynamics) approach for rectangular channel with smooth wavy fin. Colburn j factor and Fanning friction factor f are predicted for wavy fin. The correlations are developed at Reynolds number range of 100-15,000. The effect of fin geometry (fin spacing, fin height, wave height and wave length) on the enhanced heat transfer and pressure drops are investigated. Results show that there is no significant variation of f factor for water and liquid R134a at constant Reynolds number. However variations in j factor were observed at constant Reynolds number. Colburn j factor and Fanning friction factor f correlations are proposed in terms of Re and geometry parameters (h/s, a/s, λ/a) for water and liquid refrigerant R134a in the present study. Two separate equations are proposed for the low and high Re regions i.e. between Re of 100-1,000 and Re of 1,000-15,000.
Nomenclature

Introduction
Compact plate fin heat exchangers have become popular in cooling and heating applications across industries especially in auto mobile, aerospace and electronics. The demand for miniaturization of components is high in these industries to reduce weight, size and save the cost. Due to its high effectiveness compact heat exchangers will have low weight and occupy less space compared to other type of heat exchangers. London and Shah [1] has defined D DAVID PUBLISHING
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"Compact heat exchanges as one having an area density greater than 700 m 2 /m 3 ". Such compactness is achieved by providing a high density fins in the flow passage. There are different types of fins like offset fins, wavy fins, plain fins, perforated fins, pin fins and louvered fins, which are to provide the high density area and to enhance the heat transfer coefficient in compact heat exchangers. The most common among them are lance &_offset and wavy fins. Predicted or measured dimensionless parameters (Colburn j factor and Fanning friction f vs. Reynolds number Re) of these fins are essential for design of heat exchangers. Kays and London [2] conducted the experiments and compiled the results for 3 wavy fins and 21 lance & offset fins. Joshi and Webb [3] developed empirical correlations for heat transfer coefficient and friction factor in the offset strip-fin heat exchanger surface geometry. Friction factor data were taken on eight scaled-up, idealized geometries. Wieting [4] developed empirical relations by correlating experimental heat transfer and flow friction data for 22 offset strip fin surfaces over two Reynolds number ranges Re d < 1,000 and Re d > 2,000. For predicting j and f factors in the transition region (1,000 < Re d < 2,000), he suggested extrapolating the equations up to their intersection point. Manglik and Bergles [5] used an asymptotic method to establish their correlations for offset strip fin surfaces. They have considered 18 offset fin surfaces and analyzed for heat transfer and friction data. They also have analyzed effect of fin geometry parameters and proposed correlations in terms of geometry parameters. Ranganayakulu and Pallavi [6] carried out numerical analysis on offset fins using air as a media and proposed correlations. They have analyzed the fin geometry on j and f factors. Zhang et al. [7] . numerically simulated the two dimensional wavy plate fin channels with sinusoidal wall corrugations at low Reynolds number for air and presented velocity and temperature fields, isothermal Fanning friction factor f, and Colburn j factor for different flow rates (10 ≤ Re ≤ 1,000), wall-corrugation severity (0:125 ≤ γ ≤ 0:5), and fin spacing (0:1 ≤ ε ≤ 3:0). Awad and Muzychka [8] proposed the new models for prediction of Fanning friction factor f and Colburn j factor for air cooled compact wavy fin heat exchangers. The new models are developed by combining the asymptotic behavior for the low Reynolds number and laminar boundary layer regions. The models are developed by taking into account the geometric variables such as fin height, fin spacing, wave amplitude, fin wavelength, Reynolds number, and Prandtl number. They have compared the models with numerical and experimental data for air at different values of the geometric variables. All the studies carried out above used air as the coolant medium. Only few studies performed using liquid as coolant. Even though for liquid cooling these fins has been used for many years in applications, adequate data is not available in the open literature. Since the liquids have better heat transfer coefficient than the air, liquids are preferred to air in some applications. Hu and Herold [9, 10] carried out studies both analytically and experimentally using liquid water and polyalphaolefin for Prandtl number ranges from 3 to 150 on offset fin surface. They have presented that the Prandtl number had a significant effect on the heat transfer factor j of the fin. They also observed that air models over predict the j factor for liquids. However the Prandtl number was found to have little on the Fanning friction factor. Ranganayakulu et al. [11] performed numerical analysis on offset fins using CFD (Computational fluid dynamics) approach. He found that the j of water is lower by about 30% when compared with air, where as there is no significant deviation in f values. Even though j is lower for water, the heat transfer coefficient is much higher when compared to air. Kim and Sohn [12] carried out experiments using water and R113 as a test fluid on Offset strip fins by considering fin geometry effect. In their experimental findings noted that there is no significant variation of f factor. However, the Colburn factor measured in their study was about 25% smaller than the prediction of Manglik and Bergles for Re < [13] carried out numerical analysis on wavy fin using air as medium and proposed correlations. Ranganayakulu et al. [14] carried out numerical study of flow patterns of compact plate fin heat exchangers and generation of design data for wavy fins using CFD for air as a coolant and proposed correlations for f and j by considering the geometry of fins.
Since ample data is not available in open literature on liquid cooled wavy fin heat exchangers, the present work has been initiated. The main objective of this study is to find out single phase heat transfer coefficient of water and R134a on wavy fin and effect of geometry parameters using numerical analysis, since single phase heat transfer data is not available in open literature for wavy fins. This data shall be useful reduce the experimental study on heat transfer and friction factors for conducting experiments on two phase heat transfer analysis since two phase heat transfer coefficient is related with single phase heat transfer coefficient as proposed by Chen [15] . Chen proposed that the boiling heat transfer coefficient on the refrigerant (h r ), is sum of the convective term (h cb ) , and the nucleate boiling term (h nb ).
(1) The convective heat transfer coefficient (h cb ) is related with single-phase heat transfer coefficient (h f )by the Reynolds number factor (F).
(2)
Methodology
The following steps are carried out in numerical analysis for generation of Colburn j factor and friction factor f for wavy fin using liquid water and liquid R134a: Modeling and numerical grid generation for the fin; Applying the boundary conditions; Analyzing the fins using ANSYS (Analysis system) CFD software; Computation of j and f factors and validation of results with standard values and Establishing correlations.
Mathematical Model
Following are some of the assumptions made in the In this work, the CFD software ANSYS CFD is employed for simulation. In ANSYS CFD, the conservation equations of mass, momentum and energy are solved using the finite volume method. There are several turbulence models available in the code. The turbulent flow is calculated by the semi-implicit SIMPLER as mentioned in Versteeg and Malalasekera [16] Algorithm method in the velocity and pressure conjugated problem, and a second order upwind differential scheme is applied for the approximation of the convection terms.
A standard κ-ε model as given in Versteeg and Malalasekera [16] with enhanced wall treatment is used to predict turbulent flow in the plate-fin heat exchanger as well as in the fin geometry. The Reynolds transport equations can be written in a generalized form as given in [17, 18] . div (ρuФ) = div (Г grad Ф) + S Ф (3) where, Ф stands for a generalized transport variable, which is used for all conserved variables in a fluid flow problem, including mass, momentum and the turbulence variables κ and ε. Г represents the effective diffusivity (sum of the eddy diffusivity and the molecular diffusivity 
CFD Approach
The CFD approach is carried out using ANSYS CFD for an estimation of j and f factors for different smooth wavy fin geometry using water and liquid refrigerant R134a as a medium. In this model, a single layer of actual wavy fin is modeled and generated grid. The three-dimensional computational domain of this model is shown in Fig. 2 . CFD analysis is carried out for different fin geometries and Reynolds number as mentioned above. Before carrying out the actual analysis grid independence check was done to determine the grid size. Fig. 3 shows grid independence curve drawn between the number of elements and pressure drop parameters. The mesh size is determined based upon the curve where the slope is almost zero.
The CFD analysis was carried out in two phases. In first phase the fin characterized for f values over range of Reynolds number. In second phase the j value is estimated for the same range of Reynolds number using energy equation. In order to overcome the entrance effect, the concept of periodic fully developed flow as suggested by Patankar et al. [19] is implemented for the flow analysis. The pressure drop for unit length is estimated from ANSYS CFD initially and is used for estimation of the friction factor f as per Kays and London [2] procedure. Similarly, the procedure is repeated for the range of Reynolds numbers from 100 to 15,000 in order to draw the effect of Reynolds number on friction factor.
In the second phase the "velocity inlet" and "outflow (pressure outlet)" boundary conditions are used at the inlet and outlet of the fin geometry, respectively. This analysis takes heat conduction into account. Weimer and Hartzog [20] and Hasseler [21] suggested a simplified assumption of the constant wall temperature boundary condition over all section of the fin. The temperature difference between inlet and outlet of the fin, in turn, is used for calculating the j factor using the Kays and London [2] methodology. Similarly, the same procedure is repeated for the range of Reynolds numbers from 100 to 15,000 in order to draw the j versus Re characteristic curve.
Validation
To validate the CFD results, Offset fin geometry from Kim and Sohn [12] has been taken for the CFD analysis and modeled, since experimental results with wavy fin and liquid water/refrigerant R134a as working medium is not available in the open literature. The offset fin geometry considered for the analysis is Fin height, h (mm) 2.8, fin length, l (mm) 1.5, lateral fin spacing, s (mm) 3.5, fin thickness, t (mm) 0.2 and hydraulic diameter, D h (mm) 2.84.
The above fin geometry was modeled; grid generated and carried out CFD analysis using ANSYS CFD. The results were analyzed and compared with experimental results of Kim and Sohn [12] and plotted in Fig. 4 . The CFD results are found in good agreement with experimental results. The variation is found to less than 5% in both f and j values. Uniform wall temperature boundary conditions are used for the analysis. Before carrying out the analysis grid independence check was carried out to optimize the mesh size.
The CFD results also were validated with wavy fin and air medium, by considering the wavy fin geometry from Kays & London [2] . The wavy fin geometry was considered for the analysis: Fin height, h (mm) 6.77, wave length, l (mm) 9.525, fin spacing, s (mm) 1.411, fin thickness, t (mm) 0.152, wave amplitude, a(mm) 1.95 and hydraulic diameter, D h (mm) 2.123.
The above fin geometry was modeled; grid generated and carried out CFD analysis using ANSYS CFD. The results were analyzed and compared with experimental results of Kays & London [2] and plotted in Fig. 5 . The CFD results were found in good agreement with experimental results. The variation was found to less than 5% in both f and j values. Uniform wall temperature boundary conditions were used for the analysis. Before carrying out the analysis grid independence check was carried out to optimize the mesh size.
Results and Discussion
CFD analysis for smooth wavy fin surface is carried out using ANSYS CFD at various Reynolds numbers with the boundary conditions. From the Figs. 4 and 5, it is observed that f and j vs. Re curves of wavy fin follow the same trend as Kim & Sohn [12] and Kays & London [2] experimental results. Hence the CFD analysis has been extended to smooth wavy fin under study. The effects of variations of dimensionless parameters on wavy fin surface performance are presented. The response of velocity, pressure and temperature fields to changes in geometric parameters and Reynolds number is clearly manifested. Figs. 6-8 show the role of geometric parameters h/s, a/s, λ/a vs. f and parameters h/s, a/s, λ/a vs. j in determining the heat transfer and flow friction performance of smooth wavy fin surfaces. The individual effects geometrical parameters variations are explained in the following paragraphs.
Effect of h/s Ratio on j and f
The friction factor f and Colburn j factors are plotted against the fin height (h)-to-fin spacing (s) ratio (h/s) for varying Reynolds number in Fig. 6 for water and liquid refrigerant R134a. Both f and j decrease with increase in Re as expected. Friction factor f increase with the increase of h/s for constant Re. Colburn j factor decreases with the increase of h/s. There is no significant variation of f factor for both liquid water and liquid refrigerant R134a at constant Reynolds number. The difference is found less than 5% for both liquids. However the variation in j factor is found for water and liquid refrigerant R134a.
Effect of a/s Ratio on j and f
The friction factor f and Colburn j factors are plotted against the wave height (a)-to-fin spacing (s) ratio (a/s) Colburn j factor increases with the increase of a/s. There is no significant variation of f factor for both liquid water and liquid refrigerant R134a at particular Reynolds number. The difference is found less than 5% for both liquids. However the variation in j factor is found.
Effect of λ/a Ratio on j and f
The friction factor f and Colburn j factors are plotted against the wave length (λ)-to-wave height (a) ratio (λ/a) for varying Reynolds number in Fig. 8 . Both f and j decrease with increase in Re as expected. Friction factor f decrease with the increase of λ/a for constant Re Colburn j factor decreases with the increase of λ/a and even became constant high λ/a value. There is no significant variation of f factor for both liquid water and liquid refrigerant R134a at particular Reynolds number. The difference is found less than 5% for both liquids. However the variation in j factor is found.
Correlations for j and f Factors
An extensive numerical study has been carried out on the heat transfer phenomena in plate fin surfaces with wavy fins. The f vs. Re and j vs. Re curves show significant non linearity as show in Figs. 6-8. The correlations have been expressed in terms of two separate equations over low and high Re regions along with dimensionless geometric parameters. The power law expressions have been used for determining the Colburn factor j and friction factor f as a function of the Reynolds number and dimensionless fin parameters. The use of these power law expressions is justified because variations in f and j with Re, h/s, a/s, λ/a follow constant slope log-linear lines in both laminar and fully turbulent flow regions.
The Colburn factor j and Fanning friction factor f are functionally related to Re, h/s, a/s, λ/a and it can be represented in general form as: (12) where C, a0,a1,a2 and a3 are constants depends on the type of fin surface and geometry.
The j vs. Re data for wavy fin surfaces show significant non linearity over the Reynolds number range 100 ≤ Re ≤ 15,000. There two separate equations have been proposed for the low and high Re regions as below. Also the variation in j factor is found large for water and liquid refrigerant R134a. Hence, separate j correlations have proposed for water and liquid R134a. This is due to significant effect of Prandtl number on heat transfer coefficient. for 1000 ≤ Re ≤ 15,000
The above correlations predict the 99% of f data for laminar regions and 96% of the f data for the turbulent regions.
Conclusions
This paper presents the heat transfer and pressure 
